In a previous paper (1), the synthesis and entry into the plasma of the protein moiety of the different lipoprotein classes has been described. The present studies deal with the metabolism of the free and esterified cholesterol of the lipoproteins.
When cholesterol was a dietary component (2% of the diet), it was dissolved in olive oil and fed for 5 to 7 days, except in the experiments described in Tables VI, VII , and VIII; in those, cholesterol was fed for 12 to 14 days in order to produce livers of very high lipid content.
Liver perfusion. The technique of perfusion of Miller and associates (6, 7) was used. Mevalonic acid-2-C'4 was used as sterol precursor. In some experiments, 3 .3 to 5.5 ,sc (0.7 to 1.2 mg) was added directly to the perfusing blood; one-third of the total was added at the start of the experiment, and the rest, by continuous injection during the perfusion (2 to 4 hours). In other experiments, designed to study the transfer of labeled cholesterol from liver to plasma, 11 ,uc of mevalonic acid-2-C"4 was given in two ip injections to the rats used as liver donors, at 16 hours and 3 hours before removal of their livers.
Chylomicrons were prepared from intestinal lymph of rats that received 4 ,uc of cholesterol-4-C1' dissolved in olive oil by stomach tube. The lymph, obtained through a cannula inserted into an intestinal lymph vessel, was collected for 24 hours in a tube containing 100,000 U penicillin and 0.2 g streptomycin, diluted with 0.85% NaCl, and spun at 114,000 X g in a 40.3 rotor for 60 minutes in a Spinco model L preparative ultracentrifuge. The chylomicron layer obtained from the upper 2 cm of the tube was resuspended in 0.85% NaCl solution. This suspension was dispersed by being forced through a 26-gauge needle three times. It was then centrifuged, separated, and dispersed again.
Plasma lipoprotein fractions were prepared as previously described (8) . After removal of an appropriate sample for determination of total cholesterol (9), the lipid was extracted from the remainder with 2:1 chloroform:methanol (10) , washed three times with water, and evaporated to dryness. The residue was taken up in 95% ethanol: acetone (1: 1), and free 'cholesterol was separated as the digitonide. The supernatant fluid was evaporated to dryness, taken up in petroleum ether, and the solution again evaporated to dryness. The ester cholesterol was taken up in ethanol:acetone, saponified, and the digitonide precipitated. The digitonide precipitate was washed and dried and then dissolved in the dioxane: phosphoric acid: absolute ethanol reagent of Kabara (11) . Samples of this were counted in a Packard Tri-Carb liquid scintillation spectrometer (12 ( Table I ). It is apparent that the free cholesterol equilibrated completely between the chylomicrons and the plasma, whereas there was virtually no exchange of ester cholesterol. Because the plasma samples had four times as much free cholesterol as the chylomicrons, the total amount of labeled free cholesterol transferred to plasma was more than 87% of the total amount added.
In contrast, the quantity of radioactive ester cholesterol found in the plasma was less than 7% of that added with the chylomicrons, and this amount could represent incomplete separation. These data are representative of several similar experiments. Exchange of cholesterol in vitro between high- and low-density lipoproteins was also measured (Table II) . These fractions were labeled biosynthetically by perfusion of the livers of rats that received mevalonic acid-2-C14 3 hours before sacrifice. In addition, mevalonic acid-2-C14 was added to the perfusate. The lipoproteins were separated into two fractions (D < ments in the other fractions were relatively small. The D < 1.019 fraction is heterogeneous. Therefore, in another experiment (Table VII) in which the liver from a cholesterol-fed rat was used, a D < 1.006 fraction was separated and analyzed for cholesterol and triglyceride. Despite significant increase during perfusion of the cholesterol and triglyceride concentrations of the perfusate, there was virtually no increase in lipid in the D < 1.006 fraction. All of the increase was in the D > 1.006 fraction. This observation and the previous findings indicate that all the newly released lipoproteins are in the D = 1.006 to 1.019 fraction, and there is apparently no release of chylomicrons under these conditions.
In the rat fed a normal diet, Swell, Law, Field, and Treadwell (20) and Goodman (5) have shown that the fatty acid composition of the plasma cholesterol esters differs markedly from that of the liver cholesterol esters: in the liver cholesterol esters, the major fatty acids are palmi- The transfer of cholesterol from the liver to the perfusate was also studied by measurement of the incorporation of liver cholesterol-C14 into the plasma lipoprotein fractions. In most experiments, livers were obtained for perfusion from rats injected with mevalonic acid-2-C14 16 and 3 hours before sacrifice. This method of administration was chiefly used because the specific activity of liver cholesterol remained rather constant during the perfusion, since there was no further incorporation of mevalonic acid. The major process occurring was the transfer of cholesterol between liver and plasma. When the precursor was added during perfusion, as in a few experiments, there was continuing synthesis of labeled cholesterol, and the interpretation of the data was more difficult.
In the first group of experiments, two lipoprotein fractions were separated, D < 1.063 and D = 1.063 to 1.21 (Tables IX anid X). It was found that the specific activity of free cholesterol in the two fractions tended to be similar, as is to be expected from the finding that free cholesterol readily reaches isotopic equilibrium in vitro. On the other hand, the specific activity of cholesterol ester was considerably higher in the D = 1.063 to 1.21 fractions when the precursor was added during the perfusion, and slightly higher in three of to have markedly different relative rates of turnover, judged from their specific activities (Table  XI) . As was to be expected, the specific activity of free cholesterol tended to be similar in all three lipoproteins, although there was somewhat higher activity in the D < 1.019 lipoprotein fraction. The specific activity of ester cholesterol was much higher in the D < 1.019 fraction than in the other fractions, a finding of interest, since its protein also has the most rapid turnover of all the lipoprotein classes (1) . In the two perfusions with livers from cholesterol-fed rats, this difference was accentuated. It is apparent that the previous finding of relatively high specific activity in the cholesterol esters of the D < 1.063 fraction after cholesterol feeding is due to the D < 1.019 component included in it.
DISCUSSION
The observations reported in this paper on the in vitro exchange of cholesterol agree with previous studies indicating that free cholesterol exchanges freely among all lipoprotein fractions in vitro, but that there is virtually no exchange of ester cholesterol (3) (4) (5) . Since phosphatides (22) and triglycerides (23) found reduction of cholesterol synthesis, the transfer of cholesterol and other lipids into the plasma lipoproteins is enhanced. These findings emphasize that the formation of plasma lipoproteins is independent of the rate of formation of its lipid constituents. Several processes are involved in the transfer of ester cholesterol from liver to plasma. With normal livers, there is transfer of labeled ester cholesterol into the plasma without an increase in the plasma ester cholesterol concentration. When livers from cholesterol-fed animals are perfused, the concentration of the very low-density lipoproteins is increased (net transfer). The data showing that in the cholesterol esters in the D < 1.019 lipoproteins there is a higher proportion of oleate., a fatty acid characteristic of liver esters, suggest that there is a direct nonselective transfer of cholesterol esters from the liver to the very low-density lipoproteins. Further evidence for this conclusion is that in these experiments, the specific activity of the cholesterol esters in the very lowdensity lipoproteins aproached that of the liver (Table XI) . Since there was little cholesterol in that fraction at the beginning of the experiment (Table VI) , the esters recovered at the end of the perfusion must therefore represent transfer en bloc from the liver. The striking similarity in cholesterol ester composition between the D < 1.019 lipoprotein and the liver of the normal rat suggests that such transfer may also occur under normal conditions. This observation can only be made in the case of the cholesterol esters because they do not exchange between the lipoprotein fractions. Lindgren, Nichols, and Wills (24) carried out a study of the fatty acid composition of the different lipid classes in the lipoprotein fractions in man, and these data show that only in the cholesterol esters are there consistent differences between the lipoprotein fractions. The triglycerides and phosphatides do not show such differences, undoubtedly because they, unlike the cholesterol esters, exchange readily between the lipoprotein fractions.
With respect to triglycerides, the net transfer into the D > 1.006 fraction from the liver of the cholesterol-fed rat (Table VII) For the two lipoprotein fractions of D > 1.019, the origin of the ester cholesterol is less certain. Since these esters contained radioactive cholesterol in considerable amounts, they were derived at least in part from the liver. One possibility is that some cholesterol esters of the liver were incorporated directly into the lipoproteins. This is consistent with the fact that the specific activity of cholesterol ester in these lipoproteins was less than that of the liver ester cholesterol and considerably lower than that of the liver free cholesterol (Table XI) . On the other hand, as previously mentioned, the fatty acid composition of these cholesterol esters differs markedly from that of the liver cholesterol esters both in the control and cholesterol-fed livers. The liver esters are low in polyunsaturated acids, whereas the lipoprotein cholesterol esters are high in linoleate and especially in arachidonate. If the cholesterol esters of these lipoproteins do come from the liver, there are several possible explanations for the altered fatty acid composition: 1) the unsaturated acid esters may be preferentially incorporated into the lipoproteins, 2) these lipoproteins might derive from a pool with a cholesterol ester composition different from that of total liver cholesterol, 3) there may be selective removal by the tissues of certain esters from individual lipoproteins, or 4) the plasma cholesterol esters, except those in the very low-density lipoprotein fraction, may derive from the free cholesterol, with esterification occurring either just before release of the lipoproteins from the liver or in the plasma itself. During in vitro incubation of whole plasma of several species, esterification of free cholesterol occurs (27, 28) . In the studies of Glomset, Parker, Tjaden, and Williams (28), however, citrate was used as the anticoagulant, whereas in the present study heparin was used. We have found that esterification of free cholesterol over 24 hours is much slower in heparinized rat plasma than in citrated plasma. These findings may be explained by the observations of Ratti and Bianchi (29) that heparin and also calcium ions inhibit the esterase activity in human serum. It is unlikely that this process plays an important role under the condition of these studies. The reaction is slow, and during the periods used, only a small percentage of the free cholesterol would be esterified (29, 30) . In experiments 62, 65, 66, and 70 (Table IX) , in which mevalonic acid was infused, the specific activity of free cholesterol was so much higher than that of esterified cholesterol that it is unlikely that significant esterification occurred. In experiments 61, 74, 78, and 98 in which preinjection of mevalonate-C14 caused the liver-esterified cholesterol to acquire a substantial amount of radioactivity before the start of the perfusion, the labeling of the lipoprotein cholesterol esters was considerably more than could be explained by this slow reaction. In fact, these findings are more in accordance with the view that the liver cholesterol esters are the major source of the esters in the plasma.
Although these experiments shed no light on the biological role of the heavier lipoprotein classes, they do suggest that, in the rat, lipoproteins of D = 1.006 to 1.019 serve as a vehicle for bulk transfer of cholesterol and triglyceride from the liver, especially when the hepatic concentration of these lipids has been increased by dietary means.
SUMMARY
The rat liver perfusion technique has been used to study the metabolism of the free and esterified cholesterol of the plasma lipoproteins. Ester cholesterol, unlike free cholesterol, fails to exchange between lipoprotein fractions in vitro. This property makes ester cholesterol a unique indicator of lipoprotein metabolism in vivo.
Perfusion of livers of cholesterol-fed rats resulted in a highly significant increase in cholesterol concentration in the perfused plasma measured after 2 to 4 hours. Study of the separated lipoprotein fractions revealed that all of this increase occurred in the fraction of D = 1.006 to 1.019. Gas chromatographic analysis showed that most of the transferred cholesterol ester was the oleate, which predominates in the livers of the cholesterol-fed rats, so that by the end of the perfusion, the sterol ester composition of the D < 1.019 lipoprotein became similar to that of the perfused liver. Even under conditions of normal feeding, the fatty acid composition of the cholesterol esters of the D < 1.019 lipoproteins resembles that in the liver.
The transfer of radioactive cholesterol ester from liver to plasma was studied in perfusions in which the liver esters were labeled by administration of mevalonic acid-2-C14. The cholesterol esters isolated from the D < 1.019 fraction had the highest specific activity of all the lipoproteins at the end of perfusions with livers from either normal or cholesterol-fed rats. This fraction therefore appears to have the most rapid turnover of both its lipid and protein constituents.
The results of these studies are consistent with the concept that the cholesterol esters of the D < 1.019 lipoproteins are derived by direct, nonselective transfer of cholesterol esters from the liver. The cholesterol esters of the D = 1.019 to 1.063 and the 1.063 to 1.21 lipoproteins are derived from the liver cholesterol esters by a process that is slower and selective with respect to individual esters.
